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ABSTRACT
THE EFFECT OF STRAIN RATES ON THE FORMABILITY OF
COMMERCIAL PURE TITANIUM FOILS
Kechuang Zhang, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2016
Jenn-Terng Gau, Director
Due to its hexagonal close-packed (HCP) crystal structures and limited slipping systems,
commercial pure titanium shows low ductility. However, high-velocity deformation can be quite
effective in increasing forming limits. In this present study, the formability of CP grade 2 titanium
foils (38µm) at various forming speeds were studied by experimental approach. A series of
microlimited dome height (µLDH) tests were conducted to examine the stamping formability of
CP grade 2 titanium foils at different test speeds (0.01mm/s, 12m/s, 17m/s) on both MTS and split
Hopkinson bar. Two different punch sizes (2mm, 20mm) were also used in µLDH tests at quasistatic speed to study the effect of bending strain on the formability of the foils.
The experimental results indicate that the formability of commercial pure titanium foil will be
improved with the increasing of strain rates and smaller hemispherical punch should be used in
µLDH test for more accurately predicting the forming limit of material in cases where stretching
and bending combined.
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Chapter 1. INTRODUCTION AND LITERATURE REVIEW
1.1 Applications of Commercial Pure Titanium
Due to its light weight, high specific strength, excellent corrosion resistance and biocompatibility,
commercial pure titanium has received much more attention from medical and electronic industries
for manufacturing microcomponents with a greater long-term reliability.
Compared to the main current biomedical materials such as stainless steel, cobalt alloy and
titanium alloys, commercial pure titanium is considered to be the best biocompatible metallic
material, allowing bone tissue growth to adhere to implants for longer time than those made of
other biomedical materials. It is widely used to fabricate implant devices such as artificial hip
joints, microscrews for fracture fixation, dental implants and etc. [1].
In electronics industries, the trend of light-weight and miniaturization requires the components
used in electronics products to become smaller and lighter while maintaining high quality. The
density of commercial pure titanium is 60% of that of steel and because of its strength is nearly
the same as that of steel; its specific strength is the highest among metal materials [2]. Thanks to
these excellent material properties, commercial pure titanium has been the substitute material for
fabricating miniaturized components or thin-walled structural components used in electronics
products such as microgear, connector pins, resistor caps, contact springs, speaker diaphragms and
cover cases of notebook computer, camera, and mobile phone, etc.
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1.2 Introduction of micro metal forming
The growing demand for microminiaturized components with feature sizes of less than 100µm in
industries has attracted more attention to micromanufacturing in terms of its methods or processes
during the last decade. Compared to general manufacturing processes in macroscale,
micromanufacturing process can reduce consumption of both resources and energy via downsizing
of production processes. Also, as the scale of equipment is scaled down to microscale, the mass of
the equipment itself can be reduced dramatically and thus resulting in the increasing of tool speed
and the improving of production rates by reducing the manufacturing cycle [3]. The advanced
lithographic technologies and micromachining are usually used to manufacture microcomponents
with high dimensional accuracy, but they are not cost effective in mass production and the type of
materials used are limited [4].
From the viewpoint of production engineering, micro metal forming is considered as a more
suitable and cost-effective process for high-volume and high-precision production because of its
high production rate, low material scrap rate, net shape production, and improved mechanical
properties due to work hardening. However, when the feature size is scaled down to microscale,
the characteristics of a single grain of material involved in the deformation region will play a
significant role on the mechanical behavior of material. This phenomenon is called size effect
which is usually negligible in macro forming process. As a result, the classic theories developed
in the past hundreds of years in macroscale are invalid in micro forming process [5]. Therefore,
the deformation mechanism and manufacturing process parameters in micro forming process
should be investigated for industries to use.
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1.3 Forming limit diagram (FLD)
Forming limit diagram (FLD) is a graphic description for characterizing the formability of sheet
metal that reflects the maximum principal strains of various deformation modes that material can
undergo without failure. It is crucial for industries to know how the forming is performed in order
to determine how much deformation the material can sustain before manufacturing. Engineers can
use forming limit diagram to do simulation, tool design, etc., which could improve the quality of
products and save costs and time. The concept of FLD was first introduced by Keeler [6] and
Goodwin [7]. With the experimental data Keeler in 1965 found the possibility to describe the
forming limits of sheet metal in a coordinate system consisting of two principal strains. However,
he only constructed the right-hand side of the FLD that reflects the formability of sheet metal in
stretching forming process. This idea was extended by Goodwin in 1968 to make up the left-hand
side of the FLD that is for deep drawing process; thus the complete FLD was formed (Figure 11.).

Figure 1-1. Keeler-Goodwin FLD [8]
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After the concept of FLD were introduced by Keeler and Goodwin, many efforts were made to
develop theoretical methods to predict FLDs for various materials in different manufacturing
processes. Swift’s diffuse instability criterion [9] was the first analytical approach to predict FLD
for stretching deformation. Another approach is Hill’s localized instability criterion [10], which
predicted deep drawing deformation in negative minor strain region. The M-K theory predicts the
FLD based on the assumption of an initial defect in perpendicular direction with respect to loading
direction. In addition, some analytical models for predicting FLD are based on ductile fracture
criteria [11]. Since there are so many different theoretical models to predict FLD, experimental
methods are becoming more acceptable for industries to determine FLD and at the same time to
verify these analytical models.
Compared to conventional experimental techniques for determining FLD such as hydraulic bulge
test, Keeler punch stretching test and biaxial tensile test using cruciform specimen, microlimited
dome height (µLDH) test is a new experimental method to comprehensively evaluate formability
of material at various manufacturing processes. Figure 1-2 shows a typical µLDH test setup. By
doing µLDH test with different sample sizes, various strain paths including uniaxial tension, plane
strain, stretching and biaxial tension modes can be obtained that correspond to different parts of
forming limit curve as shown in Figure 1-3. The left-hand side of forming limit curve is determined
by uniaxial tension mode. The plane strain mode predicts the lowest point of FLC, also called
FLC0. The right-hand side of FLC is constructed by stretching mode combined with biaxial tension
mode.
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Figure 1-2. Sketch of µLDH test setup

Figure 1-3. Strain paths in forming limit curve
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1.4 Literature review
The forming limit diagrams are influenced by microstructure, materials properties (e.g., strain
hardening exponent, anisotropy coefficients and strain rate sensitivity) and process parameters
(e.g., binding force, frictional coefficient, temperature, strain rate) [12]. Commercial pure titanium
(CP Ti) exhibits low formability and strong plastic anisotropy because of its HCP crystal structure.
Much research effort has been made in the past 30 years to improve the formability of CP Ti from
different aspects. Stachowicz [13] studied the microstructure effect on the limit strains of CP Ti
sheet annealed at different temperatures by carrying out bugle tests. The limit strain of CP Ti sheet
can be increased with the increase of grain size. Adamus’s studies [14], [15] show that a decrease
in binding force and frictional coefficient during deep drawing process would improve material
flow, which results in more balanced strain distribution and thus enhancing the drawability. Chen
and Chiu [16] examined thermal effect on formability of commercial pure titanium sheet with
thickness of 0.5mm by doing a series of tensile tests, v-bend tests, circular cup drawing tests and
dome height tests at different forming temperatures. Commercial pure titanium exhibits better
formability at elevated temperature. Figure 1-4 shows the true stress-strain curve at various
temperatures and from Chen and Chiu’s research study in 2005. The flow stress curve is getting
lower proportionally to the increase of testing temperature, which means that the material is getting
easier to be formed at higher forming temperature.

7

Figure 1-4. True stress–strain relations at various temperatures
Even though the aforementioned factors do improve the formability of material, there are still some
disadvantages. Changing microstructure of material and heat treatment condition can lead to
undesired mechanical properties that will require following heat treatments to obtain necessary
mechanical properties for final product. Using lubricant in stamping process will affect subsequent
metal forming operations such as welding, adhesive bonding and painting. The formed parts must
be completely oil-free for painting operation; warm forming requires additional heating equipment
and cooling system. The cycle time will be increased since the equipment still needs some time to
cool down even though it has a cooling system. All of these disadvantages will increase costs in
stamping process.
The use of high-speed forming process is an alternative effective method to increase forming limit.
In Chen and Chiu’s 2005 study [16], they also investigated the effect of strain rates on the
formability of commercial pure titanium sheet by conducting tensile tests at various test speeds. It
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was shown that flow stress curve of commercial pure titanium increases with the increase of strain
rates. This result was confirmed by Tsao et al.’s [17] research in 2011. With the increase of strain
rates, the work hardening exponent (i.e., n-value) gets greater. As we know, bigger n-value means
better formability. However, the adiabatic heating effect may result in a negative effect on the
formability of some materials when strain rate reaches a specific value [18]. Therefore, a series of
comprehensive tests and studies on commercial pure titanium at various strain rates is necessary
in order to enlarge its application.
In this study, a series of microlimited dome height (µLDH) tests were conducted to examine the
stamping formability of CP grade 2 titanium foils at different test speeds on both MTS and split
Hopkinson bar. One quasi-static speed was tested on MTS and two different high speeds were
carried out on split Hopkinson bar with a pneumatic device designed and manufactured at Northern
Illinois University (NIU). Two hemispherical punch sizes (2 mm and 20 mm in diameter) were
used in quasi-static speed tests for examining the effect of bending radius on the formability of
commercial pure titanium foil. A layer of pure gold (0.1µm thick) was coated on the surface on
as-received commercial pure titanium foil and 50 µm circular grids were made by etching process
in the NIU clean room. Photron high-speed camera was used to catch the punch speeds during
deformation process.

Chapter 2. EXPERIMENTAL PROCEDURE
2.1 Test Material Information
Commercial pure grade 2 titanium foil with thickness of 38µm bought from Arnold Magnetic
Technologies in Illinois was used as test material in this study due to its expanding application in
many industries such as electronics, biomedical, etc. The mechanical properties, chemical
composition and physical properties are shown in Table 1, Table 2 and Table 3 respectively.
Table 1. Typical Mechanical Properties of CP Grade 2 Ti
Young’s Modulus Shear Modulus Poisson’s Ratio

Tensile Strength

Yield Strength

116GPa

485MPa

345MPa

44GPa

0.32

Table 2. Chemical Composition of CP Grade 2 Ti
Element

N

C

H

Fe

o

Ti

Percentage%

0.03

0.08

0.015

0.30

0.25

99.325
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Table 3. Physical Properties of CP Grade 2 Ti
Density

4.48g/cm3

Beta Transus

915 °C

Melting

Thermal

Magnetic

Electrical

Point

conductivity

Permeability

Resistivity

1668 °C

2.179Wm-1k-1

Nonmagnetic

0.53µΩ*m

2.2 µLDH Test Setup
In this study, microlimited dome height tests with two different punch sizes (2mm, 20mm) at quasistatic speed were conducted on MTS model 43 (as shown in Figure 2-1) at the NIU micro forming
lab. The MTS model 43 is an electromechanical machine which is based on a variable-speed
electric motor; a gear reduction system; and one, two, or four screws that move the crosshead up
or down. This motion loads the specimen in tension or compression. Crosshead speeds can be
changed by changing the speed of the motor. A microprocessor-based closed-loop servo system
can be implemented to accurately control the speed of the crosshead. Two sets of tooling setup
were used for µLDH tests at quasi-static speed with two different punch sizes (2mm, 20mm).
Figure 2-2 shows the setup for 2mm punch and 20mm punch respectively.
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Figure 2-1. MTS model 43 at the NIU micro forming lab
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Figure 2-2. Setup for µLDH tests at quasi-static speed with different punch sizes
For µLDH tests with punch size of 20mm at high speeds, a new pneumatic testing device was
designed and manufactured at NIU machine shop. Figure 2-3 shows the layout of the pneumatic
testing device. The device is mounted on the rail of Hopkinson bar developed at NIU as shown in
Figure 2-4. Nitrogen gas was used as power source to fill in the air tank of Hopkinson bar for
obtaining desired pressure. The air flow released from the air tank goes into the pneumatic testing
device and the piston is accelerated, hitting and deforming the specimen until it is stopped in the
final position at the top of the guiding part.
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Figure 2-3. Layout of pneumatic testing device

Figure 2-4. Pneumatic device on Hopkinson bar
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2.3 Specimen Preparation
2.3.1 Grid Marking Process
The commercial pure grade 2 titanium foil with thickness of 38µm was cut into 2”×2” square shape
first for fitting into the size of coating pattern. Edge quality and the flatness of the square shape is
very important for coating process since any dint or burr will weaken the adhesive force between
original material and coating material, resulting in the possibility that the coating material would
be peeled off after deformation.
In this study, gold was chosen as coating material due to its excellent ductility. A thin layer of gold
(0.1µm thick) was coated on the surface square shape of commercial pure grade 2 titanium foil
first, then 50µm circular grids were made by etching process. The procedure is shown in Figure 25. Table 4 shows the parameters for optical lithography. Figure 2-6 shows the grid marking
equipment including photoresist process bench and photoresist exposure system. Figure 2-7 shows
the 50µm circular grid pattern under scanning electronic microscope (SEM).
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Figure 2-5. Grid marking process by optical lithography and etching processes [19]
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Table 4. Optical Lithography Parameters
Process

Parameters

Photo resist : S1818
Photoresist process bench
4000rpm, 30sec

Heating : 85oC, 8min
Soft bake
Cooling : Air cool, 5min

UV light strength : 15mW/cm2
Photoresist Exposure system
Expose time : 20sec

Developer : MF321
Development
Develop time : 2.5min
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(a)

(b)

Figure 2-6. Grid marking equipment
(a) Photoresist process bench (b) Photoresist exposure system

Figure 2-7. Microcircular girds pattern
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2.3.2 µLDH Test Specimens Blanking
To obtain different strain paths for constructing forming limit diagram, three different µLDH
specimen sizes and geometries (4mm, 3mm and 2mm) were designed and blanked for µLDH tests
with 2mm punch. Four millimeter specimen size was used to obtain biaxial tension mode and 3mm
was used to obtain stretching mode. Plane strain mode and deep drawing mode were obtained from
2mm specimen size by controlling binding force.
The square shape blank coated with microcircular grids were cut into strips with different widths
first, and then different specimen sizes and geometries (4mm, 3mm and 2mm) were obtained by
using blanking setup on MTS as shown in Figure 2-8.

Figure 2-8. Blanking setup
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For high-speed test specimen blanking, four templates with different sizes and geometries (40mm,
30mm, 20mm and 10mm) were made first, then cut with scissor to the exact sizes and geometries
as the templates. Forty millimeter specimen size was used to obtain biaxial tension mode and
30mm was used to obtain stretching mode. Plane strain mode was obtained from 20mm specimen
size and uniaxial tension mode was obtained from 10mm specimen size.

2.4 Performing Test
2.4.1 Performing Test on MTS
After blanking all specimens with different sizes and geometries, at least 10 specimens for µLDH
test with 2mm punch at quasi-static speed (0.01mm/sec) were conducted on MTS for each
deformation mode. For µLDH test with 20mm punch at quasi-static speed (0.01mm/sec), two
specimens were tested on MTS for each deformation mode due to the limitation of specimens
coated with microcircular grids pattern. The test specimen was placed into the blank holder,
appropriate binding force was applied through the upper binder to prevent material from flowing
inside of the die. The initial position where the hemispherical punch just tough the surface of the
specimen is found by moving the punch down slowly while observing the force change. In order
to get the crack as small as possible, the test program is stopped when the load–displacement curve
plotted by the program begins dropping. The smaller crack, the easier to find the initial crack area
where there has been maximum strain. The strains at the other crack areas are smaller since they
are torn by residual stress. Figure 2-9 shows the µLDH test specimens with 2mm punch tested at
0.01mm/sec speed. There are 2mm deformed samples in the right side. The first (from right to left)
is for 2mm deep drawing mode. The second one is 2mm plane strain mode. The µLDH test
specimens with 20mm punch tested at 0.01mm/sec speed are shown in Figure 2-10.
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Figure 2-9. µLDH test specimens with 2mm punch at 0.01mm/sec speed (before and after test)

Figure 2-10. µLDH test specimens with 20mm punch at 0.01mm/sec speed (before and after test)

2.4.2 Performing Test on Hopkinson Bar
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Before conducting µLDH tests at high speeds using the pneumatic device on Hopkinson bar, the
punch speeds generated by two different air pressures were measured by Photron high-speed
camera. Due to the pressure capacity of the air tank, which is 250 psi, two pressures (100psi,
200psi) were used to generate different punch speeds in this study. The high-speed camera’s
recording resolution used in this study is 5000 frames per second and 7500 frames per second for
100psi and 200psi respectively. Figure 2-11 shows five coterminous frames at 200psi spanning
location from 6mm to 5.1mm; within that range the tests were completed. Therefore, the average
punch speed is 𝑉 = 𝑆⁄𝑡 =

(6−5.1)/1000
1
∗4)
7500

(

≈ 17𝑚/𝑠. Similarly, the average punch speed at 100 psi is

approximate 12m/s.

Figure 2-11. Five coterminous frames at 200psi (continued on following page)
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Figure 2-11. Continued (continued on following page)
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Figure 2-11. Continued
Unlike quasi-static speed test on MTS, high-speed test in this study doesn’t have any signal
showing the occurrence of initial crack so that test can be stopped. Therefore, in order to get crack
as small as possible, a lot of dry runs were carried out to find the optimal dome height by adjusting
the axial position of blank holder on the rail of Hopkinson bar. The test specimen was put into the
blank holder and the die was assembled to lock the specimen. The 20mm punch is propelled by
nitrogen gas at desired pressure released from air tank to hit the specimen and deform it. The
deformed specimen is taken out after the test is completed. Two specimens were tested for each
deformation mode at high speeds. Figures 2-12 and 2-13 show the µLDH test deformed specimens
with 20mm punch at 12m/sec speed and 17m/sec speed respectively.
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Figure 2-12. µLDH test deformed specimens with 20mm punch at 12m/s

Figure 2-13. µLDH test deformed specimens with 20mm punch at 17m/s

Chapter 3. EXPERIMENTAL DATA ACQUISITION
3.1 Method for Strain Measurement
After completing all tests at different test speeds, scanning electronic microscope (SEM) in NIU’s
cleanroom was used to take pictures on the area of the initial crack. The stage in the chamber of
the SEM can be rotated in 3D axis which gives more accuracy for the real size of deformed grids
on the initial crack area since any tilt from normal direction of the area will underestimate the size
of deformed grids.
ASTM E2218-02 standard (2008) was used to determine the microcircular grids that are in necking
and safe zones and ImageJ software was used to measure the major and minor of the microcircular
grids after deformation on the pictures taken by the SEM with 250 times magnification.
Given the deviation of the SEM (i.e., the size of the microcircular grids is fluctuating around
50µm), two undeformed specimens were photographed along with each batch of deformed
specimens for more accuracy. The average size of the microcircular grids on the two undeformed
specimens was used as basis for computing major and minor strain. Figure 3-1 shows some pictures
of the initial crack area of µLDH test specimens (plane strain mode) with different punch sizes at
different speeds. According to ASTM E2218-02 standard (2008), the deformed grids in the first
row next to fracture curve are considered as necking and the grids in the second row are safe. In
Figure 3-1, the microgrids denoted by red numbers are necking and the microgrids denoted by
black numbers are safe
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(a) 2mm punch at 0.01mm/sec

(c)2mm punch at 12m/sec

(b) 20mm punch at 0.01mm/sec

(d) 20mm punch at 17m/sec

Figure 3-1. SEM pcitures of specimens with different punch sizes at different speed
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ImageJ is a public domain, java-based image processing program developed at National Institutes
of Health. The following will briefly introduce how to use ImageJ software to measure the major
and minor of the deformed circular grids, i.e., ellipse.
In ImageJ, by drawing a straight line from one end of the scale bar at the right lower of the picture
to the other end, the software can account the amount of pixels over this known distance and then
the scale can be set as shown in Figure 3-2.

Figure 3-2. The interface of ImageJ
After the scale has been set, the major and minor of the deformed grids can be measured by drawing
a perfect ellipse to fit the shape of the deformed grids as much as possible. Figure 3-3 shows an
example. All data will be collected in an Excel file for computing true strains.
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Figure. 3-3. Measure major and minor of the deformed grids
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3.2 Strain Computation
True stress and true strain are usually used to study forming process rather than engineering stress
and engineering strain. The reason is that engineering stress or engineering strain are all based on
the original cross-sectional area or original gauge length. The cross-sectional area and gauge length
are changing during deformation. True stress and true strain are suitable for use in the analysis of
forming processes since they are based on current value of these factors. Only strain analysis is
involved in this study. Therefore, the computation of true strain is presented below.
Assume that, during deformation, the gauge length increases by a small amount, dl; the strain
increment is the extension per unit current length, i.e.:

𝑑ɛ =

𝑑𝑙
𝑙

For very small strains, where l≈l0, the strain increment is very similar to the engineering strain, but
for large strains, the difference is significant. Assume that the straining process continues
uniformly in the one direction; the true strain can be obtained by integrating strain increment, i.e.:
𝑙

𝑑𝑙
𝑙
= ln ( ) = ln(1 + ɛ𝑒𝑛𝑔 )
𝑙0
𝑙0 𝑙

ɛ = ∫ 𝑑ɛ = ∫

ɛ𝑒𝑛𝑔 =

𝑙 − 𝑙0
𝑙0

In this study, all measured major and minor of deformed grids were computed to true major strain
and true minor strain based on the equations above.

Chapter 4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Procedure for Constructing FLC
The process of analyzing data points for constructing forming limit curve is complicated since the
data points are scattered in a wide band and necking data points and safe data points are usually
intersecting. Each data set needs to be analyzed along with the corresponding picture. The
empirical method to analyze data and the procedure for constructing FLC are described below.
Step 1. Removing some necking points that occur in safe zone untimely. The reason for this
phenomenon is because the area of fracture where these necking grids are is caused by tearing
rather than cracking. Likewise, there are also some safe points in necking zone. This is resulted
from localized necking.
Step 2. After removing these undesired points, select some proper necking and safe points and then
use them to do curve fitting. Two curves need to be fitted; the points on the right-hand side of the
axis of major strain are used to fit one curve and the points on the left-hand side are used to curve
the other curve.
Step 3. If there is no critical necking data point on or near the axis of major true strain, use the safe
data point on or near the major true strain as critical point to do curve fitting.
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4.2 Experiment Results of FLCs
Figures 4-1 and 4-2 show the forming limit curves of 38µm CP grade 2 Ti tested at quasi-static
speed (0.01mm/sec) with two different punch sizes (2mm, 20mm). Figures 4-3 and 4-4 show the
experimental results of 38µm CP grade 2 Ti tested at high speeds (12m/sec, 17m/sec) with 20mm
punch. In these figures, the red triangles are representing necking data points and the blue circular
dots represent the safe data points. Black curves are forming limit curves. Second-order
polynomial equations for left side curve and right side curve are shown on the figures.

Figure 4-1. Forming limit curve of CP Ti at 0.01mm/sec with 2mm punch
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Figure 4-2. Forming limit curve of CP Ti at 0.01mm/sec with 20mm punch

Figure 4-3. Forming limit curve of CP Ti at 12m/sec with 20mm punch
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Figure 4-4. Forming limit curve of CP Ti at 17m/sec with 20mm punch
FLC0 is the strain limit of plane strain mode in FLC. Table 5 shows the FLC0 values of commercial
pure grade 2 titanium foil (38µm) tested at different punch speeds with different punch sizes.
Table 5. FLC0 Values at Different Punch Speeds with Different Punch
FLC0
Punch speed

0.01mm/sec

12m/sec

17m/sec

2mm

0.1172

_

_

20mm

0.0984

0.1527

0.2004

Punch size
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4.3 Effect of bending strain
It can be observed from Figure 4-5 that the FLC tested at 0.01mm/sec with 2mm hemispherical
punch is higher than that with 20mm hemispherical punch. The difference of FLC0 between the
two cases is 0.0188. The FLC0 is increased 19.1% by downscaling hemispherical punch size from
20mm to 2mm. This additional limit strain is caused by bending strain.

Figure 4-5. FLCs at 0.01mm/sec with two different punch sizes
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Assume that the neutral plane in the element will remain plane and converge on the center of
curvature as shown in Figure 4-6. The neutral line CD0 will change to CD during stretch
bending.

Figure 4-6. Schematic of deformation in an element under bending and tension
The length of CD is:
𝑙𝑠 = 𝑅 ∗ θ
A line AB0 at a distance y from neutral axis will change to AB; the length will be:
𝑦
𝑦
𝑙 = (𝑅 + 𝑦) ∗ θ = R ∗ θ (1 + ) = 𝑙𝑠 ∗ (1 + )
𝑅
𝑅
The true strain of line AB is:

ɛ = 𝑙𝑛

𝑙
𝑙𝑠
𝑦
= 𝑙𝑛 + ln (1 + ) = ɛ𝑚 + ɛ𝑏
𝑙0
𝑙0
𝑅

ɛ𝑚 is membrane strain caused by stretching. ɛ𝑏 is bending strain. Therefore, the bending strain
under stretch bending is:
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𝑦
ɛ𝑏 = ln (1 + )
𝑅
According to the above equation, the theoretical value of bending strain on the outer surface of
material for 2mm and 20mm hemispherical punches in dome height test are 0.01847 and 0.00189
respectively. The difference is 0.01658, which is smaller than the value of 0.0188 obtained from
experiments. The difference between experimental value and theoretical value is 0.00222. This
small additional value might be contributed by bigger compressive stress through thickness when
material is formed with 2mm punch.
It is noted from Table 6 that the percentage of bending strain in total strain tested with 20mm
punch is only 1.92%, which means that the FLC obtained from µLDH test with 20mm in this study
only indicates the limit strain of stretching. However, in practical stamping process, workpieces
are usually deformed under combined stretching and bending. In some sense, therefore, the FLC
obtained from µLDH test with 20mm in this study underestimated the forming limit of commercial
pure grade 2 titanium foil with thickness of 38µm.
Table 6. Total Strain, Bending Strain and Percentage with Different Punch Sizes
2mm

20mm

Total strain

0.1172

0.0984

Bending strain

0.01658

0.00189

Percentage

14.147%

1.92%
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The percentage of bending strain in total strain tested with 2mm hemispherical punch is 14.147%.
Compared to that obtained from 20mm, the bending strain tested with 2mm punch has a significant
increase. Therefore, it can be concluded that using smaller punch in µLDH test gives more
accuracy than bigger punch for the forming limit of material in cases where stretching and bending
combined.

4.4 Effect of strain rates
Figure 4-7 shows the comparison of all FLCs of commercial pure grade 2 titanium foil tested at
different punch speeds (0.01mm/sec, 12m/sec and 17m/sec). The effect of punch speeds on the
formability of commercial pure grade 2 titanium foil is remarkable. The increments of LFC0 from
quasi-static speed (0.01mm/sec) to high speed at 12m/sec and 17m/sec are 55.2% and 103.7%
respectively. This is verified by Tsao et al.’s [17] research results about the influence of strain rates
and temperatures on the flow stress behavior of commercial pure titanium foil by conducting a
series of tensile tests. The obtained strain hardening exponents at different strain rates and different
temperatures are listed in Table 7. According to their study, the strain hardening coefficient (i.e.,
n-value) increases with the increasing of strain rates. As we know, the intercept of forming limit
curve at the major strain axis is approximately equal to the strain hardening exponent n. With the
increasing of n-value, the forming limit curve will be shifted upward, which means better
formability.
It is noted that the left-hand side of FLCs at both high speeds goes farther away to negative minor
strain axis than that at quasi-static speed. The reason for this phenomenon might be the increase
of uniform elongation during dynamic deformation. However, the left-hand side of FLC at 17m/sec
is shorter than that at 12m/sec and the slope of left-hand side of FLC is smaller, through which the
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two curves are tending to converge for deep drawing deformation mode ( strain ratio β=-1). The
right-hand sides of FLCs at three punch speeds have the same trend. With the increasing of minor
strain in positive region, the major strain decreases first from plane strain and then increases. The
minimum strain limit is shifted to first quadrant rather than right on the major strain axis.

Figure 4-7. FLCs with 20mm punch at different speeds
Table 7. The Value of Strain Hardening Exponent n [17]
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The effect of high strain rates on the formability of commercial pure grade 2 titanium foil with
thickness of 38µm has been revealed in this study. Several factors including inertial effect, thermal
effect, and friction coefficient strain rate sensitivity are contributing to the improvement of
formability during high-speed forming. Among them, inertial effect is a dominating factor. During
high-speed deformation, specimen is quickly accelerated away from punch by acquired kinetic
energy. The inertia forces diffuse deformation from one localized necking and thus allowing
additional elongation in specimen before fracture [12]. In addition, the absorbed inertia energy will
heat up the specimen rapidly since the duration of deformation process is so short that the heat
generated by the inertia energy can’t be dissipated. As we know, thermal effect has a positive
influence on the formability of material even though this effect would reverse when temperature
reaches to a specific value. Furthermore, the frictional coefficient might also be changed during
high-speed deformation. As the frictional coefficient decreases, which allows material to be
stretched more, the formability of material will be improved. This can be used to explain the righthand side of LFC in Figure 4-6. The right-hand side of forming limit curve at quasi-static speed
with 20mm is quite short, which means the stretchability of commercial pure grade 2 titanium foil
is lower. However, with the increasing of forming speed, not only does the major strain go higher,
but also the minor strain becomes larger. This will expand the application of commercial pure
grade 2 titanium foil by improving its manufacturability.

CONCLUSION
In this study, a series of µLDH tests were conducted at quasi-static speed and two high speeds with
20mm hemispherical punch on both MTS and Hopkinson bar to study the effect of strain rates on
the formability of commercial pure grade 2 titanium foil with thickness of 38µm. In addition,
µLDH tests were also carried out at quasi-static speed with 2mm hemispherical punch on MTS to
examine the effect of bending radius on the formability of commercial pure grade 2 titanium foil.
A pneumatic testing device was designed and manufactured at NIU for conducting µLDH tests at
high speeds. A set of forming limit diagrams was obtained that can be used for industries to do die
design, process design and simulation, product design, etc. The effects of strain rates and bending
radius on the formability of commercial pure grade 2 titanium foil (38µm) were also understood.
The following conclusion can be drawn from this study:
1. Using smaller hemispherical punch size gives more accuracy for the forming limit of
material in cases where stretching and bending are combined.
2. The formability of commercial pure grade 2 titanium foil with thickness of 38 µm can be
effectively improved in high-speed forming process.
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